Extensive LAPW frozen phonon calculations were performed in order to understand the origin of ferroelectricity in LiTaO 3 and LiNbO 3 . Displacement of the Li atoms alone results in an anharmonic single well, whereas displacements of oxygen and lithium together result in deep double wells, much deeper than the transition temperatures, T C . This is contrary to current theories which model the underlying potential as a triple well potential for the lithium atoms. Our results support an order-disorder model for the oxygen atoms as the driving mechanism for the ferroelectric instability. Oxygen displacements alone against the transition metal atoms result in shallower double wells as a result of oxygen-lithium overlap so that the lithium and oxygen displacements are strongly coupled . We find large hybridization between the oxygens and the transition metal atoms. Thus ferroelectricity in the Li(Nb,Ta)O 3 system is similar in origin to ferroelectricity in the perovskites. We also find that the electronic structures of LiTaO 3 and LiNbO 3 are very similar and hardly 1 change during the phase transition.
I. INTRODUCTION
The origin of ferroelectricity in the two well known ferroelectric systems, LiNbO 3 and LiTaO 3 , has been subject to intense study since the discovery of LiNbO 3 in 1949 1 . They have many applications in optical, electro-optical and piezoelectric devices, but the fundamental physics that leads to their ferroelectric behavior have not been studied. Their transition temperatures, which are among the highest known ferroelectric transition temperatures, are quite different, 1480 K for LiNbO 3 and 950 K for LiTaO 3 . The electronic origin of their different T C is a mystery since Nb 5+ and Ta 5+ behave very similarly, and structurely these materials are almost identical. The origin of their ferroelectric instability as well as their different transition temperatures is investigated.
Both materials undergo only one structural phase transition. The paraelectric structure has a 10 atom unit cell and the average structure belongs to the R3c space group, The atomic arrangement consists of oxygen octahedra sharing faces along the polar trigonal axis. The transition metal atoms occupy the centers of oxygen octahedra, and the average Li atom position lies on the face between two adjacent oxygen octahedra (Fig. 1a) . The ferroelectric structure is rhombohedral, and belongs to the space group R3c. The transition metal atom is displaced from the center of the oxygen octahedra along the trigonal axis. The next oxygen octahedron along this axis is empty and the adjacent octahedron has a Li atom ferroelectrically displaced from the oxygen face in the spontaneous polarization P s direction (Fig. 1b) . Glass in 1968 and later Johnston et al. have determined, using dielectric and thermal measurements, that the phase transformation in these systems is continuous 2, 3 .
Whether the transition is displacive or order-disorder has been much discussed and confusion abounds. A displacive phase transition is one where the local potential in the mean field of the rest of the crystal has a single minima, and is characterized by a temperature dependent optic mode approaching zero as the temperature reaches T C . Temperature dependence measurements of Raman, Rayleigh scattering 3 and infrared reflectivity [4] [5] [6] show soft mode behavior for one polar A 1 (TO) optic mode in the ferroelectric phase. This soft mode crosses many E modes (whose eigenvectors give ionic displacements perpendicular to the polar axis) , and thus this specific mode is difficult to trace in detail. Tomeno and Matsumura 7 measured the dielectric constants of LiTaO 3 and found a large Curie constant, and interpreted their results as indicative of a displacive transition.
Evidence for the transition having an order-disorder character came from Penna et al. [8] [9] [10] [11] , who observed no mode softening for LiTaO 3 for the A 1 (TO) mode, followed by Chowdhury et al. 12 who performed neutron scattering experiments on LiNbO 3 , and also failed to observe any softening of the A 1 mode. Okamoto et al. 13 used Raman scattering to study LiNbO 3 between room temperature and 1225K and saw two of the three A 1 modes (which are, at room temperature, TO, LO and TO at 250, 270 and 274 cm −1 , respectively), and observed anomalous behavior for one of them (at 274 cm −1 ) as the temperature reached T c . They noted that the decrease in the peak frequency was mostly due to the rapid increase in damping as the linewidth had a divergent form in temperature, whereas the quasiharmonic frequency remained almost temperature-independent. Their conclusion was therefore that LiNbO 3 does not exhibit a typical displacive transition, but rather resembles an orderdisorder system. Zhang et al. 14 reported these measurements on LiTaO 3 , and found the same kind of behavior. In an order-disorder phase transition the local potential is characterized by a double (or more) well, with the thermal energy kT C much smaller then the well depth and no soft phonon mode exist since phonons now oscillate within each well and the wells remain essentially unchanged throughout the phase transition. These transitions are characterized by a diffusive soft mode which is not a phonon but represent large amplitude thermal hopping between the wells. At T above T C the crystal is non-polar in a thermally averaged sense.
Jayaraman et al. 15 argued for an order-disorder type transition because they saw little pressure dependence of the Raman mode; they also emphasize the difference from ferroelectric perovskites, which show a strong pressure dependence. A 4x4x4 special k-point mesh was used which generates a total of 10 k-points in the irreducible zone. To test energy convergence, the energies at the symmetric and experimental structures of both LiTaO 3 and LiNbO 3 were also calculated with a 6x6x6 mesh which generates 28 k-points in the irreducible zone, and these energies are shown in Table I . The change in energy difference for the two k-point sets between the experimental and the symmetric configurations is 0.069 mRy for LiNbO 3 and 0.3 mRy for LiTaO 3 , demonstrating convergence.
The RK max parameter was set to 7.0 which gives approximately 1150 basis functions for the LiTaO 3 calculations and 1050 functions for LiNbO 3 . The core states were calculated fully relativistically and the valence states semi-relativistically. For each Ta atom, the states up to 4f were included in the core, and as a result 0.588 electrons extended beyond the muffin tin sphere. For each Nb atom states up to 4s were included in the core and only 0.07 core electrons extended beyond the sphere; core electrons that spill out of the muffin tins see an extrapolated spherical core potential. Also, in LiNbO 3 the Li atom s states were included as bands, whereas in LiTaO 3 they were treated as core states.
III. RESULTS AND DISCUSSION

A. Energetics
We have calculated the potential energy surfaces along the experimental soft mode coordinate. To test the sensitivity to the different lattice parameters, the total energy of LiNbO 3
was calculated in the ferroelectric configuration using both the LiNbO 3 lattice parameters (a H =5.14829Å and c H =13.8631Å ) 57 , and the LiTaO 3 lattice parameters (a H =5.15428
A and c H =13.78351Å ) 35 , a difference of 0.75% in the c/a ratio. The effect of this strain on the total energies was almost negligible; slightly less then 1 mRy or 5.5% of the well depth.
This is in contrast to the case of the perovskites; e.g. PbTiO 3 , where a strong dependence of the total energy on the tetragonal strain was observed, and the energy decreases markedly, about 35% of the well depth for the experimental 6% c/a strain 54 . Also the total energy of These results indicate that these structural phase transitions are not dominated energetically by the displacements of the lithium alone. The potential energy surfaces show that the deep double wells are the result of the coupled motion of lithiums and oxygens. Displacement of the lithiums alone hardly changes the energy of the system. This is in contrast to current theories which model the displacement of the lithiums as the driving mechanism for the ferroelectric instability.
In order to understand the oxygen-lithium coupling, we calculated the dynamical matrices for the LAPW and Madelung energies (assuming fully charged ions) for both materials.
The LAPW and Madelung energies were fitted to a 4th order polynomial surfaces in the normal mode coordinates of the lithium and oxygen (Q Li and Q O ). The second derivatives of these energy surfaces at zero displacements are the coefficients of the dynamical matrices. Whether the origin of lithium and oxygen coupling is Coulombic can be determined by looking at the Madelung contribution to the dynamical matrices. The Madelung energies were calculated using experimental positions and lattice parameters and full ionic charges.
The second derivatives at zero displacements, which are the elements in the dynamical matrix, were calculated numerically and are shown in Table III Another possible source for the oxygen-lithium coupling is through the crystal structure.
It is important to notice that the oxygens move not only along the c axis, but rather have sizable displacements along the a and b axes as well. We have tested the importance of these displacements by moving only the oxygens along the c component of the experimental ferroelectric displacement (the polar axis). The resulting energy curve was far shallower then the energy surface which resulted from moving the oxygens only along the experimental soft mode coordinate. This is shown in Fig. 4 where the upper curve represents the displacements of the oxygens along the polar axis only and the lower, deeper well represents the total energy when displacing the oxygens along the experimental ferroelectric distortion (along a,b and c axes). The reason for these big energy differences can be seen from Table II (0.14)Å shorter then the sum of the ionic radii (about 8 (7)%). Therefore it is energetically favorable for the oxygens to displace in the a-b plane as they move along the c axis.
If we now consider the experimental ferroelectric displacement of only the oxygens and the experimental ferroelectric coupled displacement of the oxygens and lithiums, displacing the oxygens only results in a Li-O separation which is also shorter than the sum of their ionic radii (Table II) . This explains why the wells associated with the oxygen displacements alone are shallower than those obtained with the displacement of both the lithiums and oxygens.
The origin of the Li-O coupling is therefore the fact that motion of the oxygens alone yields a Li-O distance that is larger then the sum of their ionic radii, resulting in a deeper well for the coupled motion (in which the Li and oxygens move away from each other).
We can therefore conclude that the driving mechanism behind the phase transformation in these systems is the displacement of the oxygens towards the transition metal atoms.
Displacement of the oxygens in the direction of the transition metal atoms only (the c axis)
would result in too short Nb (Ta)-oxygen bonds. The oxygens therefore move also in the plane perpendicular to the c axis, towards the lithiums. This shortens the lithium-oxygen bond so that the lithium displacements are coupled with the oxygen motions.
The transition temperature, T C , cannot be calculated directly from the zone center energetics. In the usual models for ferroelectric phase transitions, T C is related to the relative strength of the local (on-site) and coupling terms in the energy 60 . Since we find the zone center energetics to be similar, the difference in T C must be due to differences in the energetics at the zone boundary.
In order to understand the origin of the ferroelectric distortion, we next examine the electronic structure of these materials.
B. Electronic Structure
One goal of this research is to understand the origin of ferroelectricity in LiTaO 3 and LiNbO 3 and the difference in T C from their electronic structure. 
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Next we compare the densities of states in the paraelectric and the ferroelectric phases. 
C. Comparison to the Perovskites
Previously we studied the difference between the self-consistent charge densities and charge densities computed using overlapping ions with the PIB model for both LiTaO 3 and LiNbO 3 in the ferroelectric phase 65 . In the PIB model which is a non-empirical ionic These results are consistent with the energetics and electronic structures results, all pointing to the same conclusion that the driving mechanism behind the ferroelectric instability in the LiNb(Ta)O 3 systems is the hybridization between the d states on the transition metal atoms and the 2p states on the oxygens. The lithiums are but passive players in the ferroelectric instability. This is very similar to the ferroelectric mechanism in the perovskite ferroelectrics, where the oxygen-transition metal atom hybridization, in addition to the Coulombic long range interaction which tend to drive the system off center, overcome the short range repulsions which tend to leave the system in it's high-symmetry configuration.
An interesting comparison can be made with the K(Nb,Ta)O 3 system; one major difference is the fact that the perovskite KTaO 3 is an incipient ferroelectric where LiTaO 3 has a high transition temperature. In this sense a qualitative comparison can be made between the two sets of systems, as in both systems the transition temperature is higher in the niobate systems, being zero for KTaO 3 . This would mean a shallower well for the tantalates, where It is interesting to note that when doping KTaO 3 with lithium atoms (KLT), the system does displace off-center, with a critical concentration of lithiums as small as 2.2% 68 . This could be the result of the lithium ion having a much smaller ionic radii then the potassium with respect to the perovskite structure, being about 0.6Å for Li and 1.4Å for K 59 . This would allow the lithiums, driven by Madelung forces, to displace off-center, and due to the large space open to the lithiums in the perovskite structure their amplitudes will be much larger then in the LiTaO 3 system, resulting in a dipole field that polarizes the oxygens and distorts them into off-center positions. The phase transition in KLT is significantly different then in a conventional ferroelectric and there is some discussion of whether KLT is a true ferroelectric. DiAntonio et al. 70 concluded that the coincidence of the temperature of the maximum of the dielectric permittivity with the appearance of other anomalies that are characteristics of a structural transformation are a sign that the transition is ferroelectric, whereas Azzini et al. 69 state that the size of the domains having a homogeneous spontaneous polarization is significantly smaller than the size of the structural domains.
In the Slater picture of the so called "rattling ion", the B atom lies off center because it is too small to fit into the oxygen octahedra surrounding it. This is in fact the opposite of the picture in the LiNb(Ta)O 3 systems where the separation of the oxygens from the Nb (Ta) atoms are smaller (1.9Å) then the sum of their ionic radii (2Å). Also, a comparison of the Ta-O distances in KTaO 3 and LiTaO 3 shows exactly this same effect. In KTaO 3 , the oxygen octahedra is larger than the oxygen octahedra in LiTaO 3 , and yet, in KTaO 3 the B atom never displaces to the off center position, while in LiTaO 3 , the B cation exhibit a ferroelectric distortion.
IV. CONCLUSIONS
It is shown that LiNbO 3 and LiTaO 3 are very similar in both their electronic structure and energetics. The differences in their well depth are very small, the amount of hybridization in the two materials is similar and the charge densities are similar. Also, these two materials hardly change their electronic structure during a phase transition. The only difference found between these two systems is the difference in the conduction bands. Zone boundary effects 18 which are not included in this study and this difference in the electronic structure of the two systems are two possible candidates to explain the difference in the transition temperatures of the two systems.
It is demonstrated that contrary to previous models which emphasized the hopping of the lithium atoms between the three positions as the driving mechanism for the phase transformation, in these systems, no triple well potential was found for the lithium motion.
The 
